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Abstract
Previous attempts on the characterisation of Friction Stir Welding (FSW) based on microstructures,
hardness, and residual stress distribution have been reviewed. The role of these parameters on
fatigue damage of FSW is then discussed. Relevant conclusions have been drawn to demonstrate the
current issues and the future research potential of these joints.
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Introduction
Friction stir welding (FSW) is a solid state
welding process that has received the worldwide
attention, particularly for joining aluminium
alloys (Mendez and Eagar, 2001; Schmidt et al.,
2001). In FSW a profiled pin attached to a
rotating cylindrical shouldered tool is inserted
into the joint line between two pieces of material
and translated along the joint to complete the
joining process. During the joining operation, the
rotating tool is forced down into the metal plates
and moved relative to them, causing frictional
heating and mechanical deformation of the
material being welded (Bussu and Irving,
2003). Generally in FSW the action of the tool
produces five distinct microstructural zones
(Bussu and Irving, 2001), namely the weld N (N),
the shoulder contact zone or FA region (FA), the
thermomechanically affected zone (TMAZ), the
heat affected zone (HAZ), and the unaffected
zone or parent plate (PP). Consequently the
fatigue strength of FSW joints produced varies
for each zone of the welds.
The Characteristic of Friction Stir
Welds
Since FSW was invented in late 1991 by The
Welding Institute (TWI), Cambridge, United
Kingdom, many attempts have been made to
investigate the strength of these joints for
aircraft applications (Dalle Donne and
Biallas, 1999; Ericsson and Sandstrom, 2000;
Esparza et al., 2002). Although this process is
considered a relatively new welding process,
the process has received worldwide attention
and many companies are using the technology
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in production, particularly for joining aluminium
alloys (Williams, 2001). However, this joint is still
in the research stage in aircraft applications.
For the past thirteen years, the investigations of
the fatigue strength of FSW can be classified
in characterisation of macrostructure, micro-
structure, hardness, residual stress, and fatigue
performance which will be presented in the
following sections.
Macrostructure and Microstructure
Characterisation
There have been numerous observations of
microstructures in connection with the FSW of
aluminium alloys such as 2024 (Dalle Donne
and Biallas, 1999; Booth and Sinclair, 2002; Sutton
et al., 2002; Bussu and Irving, 2003), 7075
(Mahoney et al., 1998), 7050 (Jata et al., 2000),
6061 (Murr et al., 1998),  6013 (Heinz et al., 2000),
6063 (Sato and Kokawa, 2001), 1050 (Kwan
et al., 2002), 1100 (Flores et al., 1998; Murr et al.,
1998), 1080 and 5083 (Sato et al., 2001). Figure 1
illustrates the typical overall FSW structure. The
FSW weld zone is V-shaped and widens near the
top surface due to the close contact between the
shoulder of the tool and the upper surface (Heinz
et al., 2000). Regardless of the specific aluminium
alloy type, composition, and manufacturing
attributes, generally FSW joints have a core
that can be defined as N which is located at the
centre of the joint.
The N region can be characterised by the
appearance of a distinct annular banded (or
‘onion ring’) structure as reported within the
literature (Mahoney et al., 1998; Murr et al., 1998;
Strombeck et al., 2001; Booth and Sinclair,
2002). The N dimensions and density vary
depending on the process parameters (Bussu,
2000; Williams, 2001). The onion rings extend
following a three dimensional pattern within the
entire N. Recent study showed that no variation
in microstructure or hardness has been observed
within the rings (Sutton et al., 2002). Within this
region, the grain size was fine, typically equal to
or smaller than 10 mm (Jata, 2000; Booth and
Sinclair, 2002; Bussu and Irving, 2003), which
was much finer than the PP microstructure. The
intermetallic particle distribution in the N was
seen to be refined in relative to the PP, with
particle dimensions of the order of 1 - 2 mm in the
N as opposed to large clusters of up to 20 mm in
the PP microstructure (Booth and Sinclair, 2002).
On top of the N it is also possible to
identify a FA region between the N and the top
surface on which welding was carried out (Booth
and Sinclair, 2002). It was reported that the
FA region has a fine equiaxed grain structure
up to 10 mm, the same microstructure size as in
the N region. It is worth noting that the FA
and N region sizes depend on the process
parameters. In some FSW joints the FA size is
huge and dominant at the centre of the plate joint.
Consequently the N region seems to be very
small or unclear in the joint (Murr et al., 1998)
(Figure 2).
Figure 1. The typical macrostructure of a
FSW joints (Bussu 2000; Bussu and
Lrving, 2003)
Figure 2. Typical optical macrograph of 1100
Al alloy (Murr et al., 1998)
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Similarly in some FSW joints when the N
size was huge and dominant the FA region might
be unclear (Benavides et al., 1999; Bussu and
Irving, 2003). Sato et al. (2001) pointed out
that the shape of the weld zone depended on
the welding parameters and the material used.
Dalle Donne and Biallas (1999) showed that with
proper FSW tooling and welding parameter
control a drop of only 20% compared to the base
material values for the joint ultimate strength and
S-N fatigue endurance can be achieved. They
performed such tests to see the effect of tool
and rotation weld speed as shown in Figure 3.
It is evident that the macrostructure of
FSW joints depends highly on the process
parameters such as pin size, tool speed, and
the thickness of the plate (Thomas et al., 2002).
Nevertheless the microstructure features of the
N and FA have been found to be similar with
respect to (a) the fine grain dimension and
intermetallic particle distribution, and (b) the very
low void/defect fraction that would appear to
be conducive to good fatigue life performance
(Booth and Sinclair, 2002).
Further out from the weld line is the
thermo-mechanically affected zone (TMAZ)
(Figure 1). The size of this region is wide on
the top welding surface and narrows down
throughout the thickness of the plate. Studies
have indicated the presence of an elongated grain
structure suggesting that severe plastic defor-
mation takes place during welding (Bussu, 2000)
(Figure 4). The bending of the grains in the TMAZ
regions also suggests that the stirring action of
the FSW tool causes the flat grains of the PP
metal to be drawn into the weld N zone (Jata et
al., 2000).
In this region the grain size is slightly
bigger or similar to the PP material. Bussu and
Irving (2003) found the grain size of the TMAZ
was about 50 - 100 mm compared with the
PP that was about 50 mm. However Sato et al.
(2001) found the grains in the TMAZ region of
1080 Al alloy had deformed and contained a
sub-grain structure. They found that the average
grain size of the deformed grains was about 80
mm and the sub-grain size was approximately 1.47
mm. The anomaly of the grain size in the TMAZ
depends on the material and process parameters
of the FSW joint. As a result, the grain and
sub-grain structure size in the TMAZ region will
affect the yield and flow stresses of this joint
(Sato and Kokawa, 2001; Sato et al., 2001).
Figure 3. Comparison of transverse cross
section of an as-welded FAW 2024
T351 with different tool and weld
speed (Dalle Donne and Biallas, 1999)
Figure 4. Typical microstructure in TMZ of an
Al-Si-Mg FSW on a plane normal to
the weld direction (Bussu, 2000)
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Next to the TMAZ region is the HAZ. This
region is not affected by the mechanical action
of the tool, but the mechanical properties are
influenced by the heat flow from the weld
(Williams, 2001; Thomas et al., 2002). The size of
this region varies depending on the process
parameters. The grain size in this region is
retained (Jata et al., 2000; Sato and Kokawa, 2001;
Bussu and Irving, 2003). However the hardness
deteriorated in this zone suggested that strength-
ening precipitates were coarsened by a factor of
5 (Heinz et al., 2000; Jata et al., 2000; Sato and
Kokawa, 2001). In contrast, the strengthening
precipitates in the N, FA and TMAZ are dissolved
even though in these regions they are coarsened
considerably (Heinz et al., 2000).
Furthermore, studies observed that
precipitates in the HAZ region overage and
transform into b precipitates (Heinz et al., 2000).
These precipitates were not yet identified but
due to their size and the studies published on
the precipitation process in 6xxx alloys it was
assumed that these precipitates are β (Heinz
et al., 2000; Sato and Kokawa, 2001). Although
the grain size of the HAZ is retained as in the
PP zone, this region behaves differently, mainly
due to the heat causing overaging of the strength-
ening precipitates (Murr et al., 1998; Sato et al.,
2001).
Hardness Characterisation
There have been numerous attempts on
hardness characterisation in connection with the
micro-structure in FSW joints. For instance,
Booth and Sinclair (2002) found that the
hardness values for the top and the bottom
surfaces of 2024-T351 FSW alloy were different,
especially in the weld region that covers the N,
while Heinz et al. (2000) reported for 6013
Al alloy that the top showed slightly higher
hardness numbers compared with the bottom
surfaces.
Figures 5 and 6 show that the weld zone
is considerably softer than the base material.
Going from the PP towards the weld line, both
traces for bottom and top surfaces exhibit an
initial rise from the PP hardness level (HAZ
region), which is followed by a gradual decline
in hardness to a minimum either in the TMAZ or
the HAZ boundary. There is then a steep rise to
a central value of intermediate hardness that is
located at the N or FA regions.
This hardness profile is not similar for all
Al alloy FSW. Jata et al. (2000) reported that for
the 7050 Al alloy the hardness of the top side is
lower than the bottom side (Figure 6). They
suggested that this was due to the fact that this
side of the plate was in full contact with the FSW
tool shoulder, and thus experienceed direct heat
from the rapidly rotating tool shoulder. The back
side, on the other hand, was in contact with a
back plate that acted as a heat sink and rapidly
draws away heat.
Such differences in the hardness profiles
between the top and the back side of FSW joint
plates have also been observed for FSW of
Al-Li-Cu alloy by Jata and Rioja (1998). These
differences can be attributed to the through
thickness variation in the extent of precipitate
dissolution in the N region and also the post
weld room temperature (Jata et al., 2000).
Comparing the hardness between the
different regions or zones in FSW joints, the
hardness within the N varies depending on
the alloy and its initial heat treatment. For 2024-
T351, 7050-7745 and 6061-T6 alloys, hardness
profiles in the weld N showed a local maximum
value at the plate joint line or center of the
N (Murr et al., 1998; Booth and Sinclair, 2002;
Bussu and Irving, 2003). For cast 1100 and 5083
Al alloys, the hardness profile is almost uniform
or on average the same hardness compared with
the PP hardness (Figure 7).
For 6063 Al alloy, the hardness profiles in
the weld N showed a minimum value among other
regions. These differences in hardness value
within the N have been correlated with the size
of the precipitates present in the region (Flores
et al., 1998; Jata et al., 2000; Sato and Kokawa,
2001; Sato et al., 2001). The 2xxx and 7xxx series
showed the hardness minima within the TMAZ
region in FSW joints (Rhodes et al., 1997; Dalle
Donne and Biallas, 1999; Bussu, 2000; Jata et al.,
2000; Bussu and Irving, 2001; Booth and Sinclair,
2002; Bussu and Irving, 2003). This indicates
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that complete overaging is responsible for the
lowest hardness value (Jata et al., 2000).
However, for 1080 Al alloy the maximum
hardness was located in the TMAZ region by
Sato et al. (2001). They suggested that the stir
zone consisted of recrystallised fine grains, while
the TMAZ had a recovered grain structure. They
found that there were many small Al6 (MnFe)
particles which were detected in all the grains in
this region. The hardness was mainly affected
by the distribution of small particles in FSW of
Al alloys (Sato et al., 2001).
Within the HAZ region, hardness profiles
show an increase in the direction of the PP.
Hardness maxima and minima have been
observed almost next to the PP and next to the
TMAZ region respectively in 2024-T351, 7050-
T7451 and 6013 (Heinz et al., 2000; Jata, 2000;
Jata et al., 2000; Booth and Sinclair, 2002; Bussu
and Irving, 2003). A recent study suggested that
the hardness variation, when the hardness
minima were found within this region, was due
to coarsening of the precipitate distribution. No
detailed studies have been carried out to date in
order to explain hardness maxima in the HAZ
(Jata et al., 2000).
Residual Stress Characterisation
Residual stress fields are widely believed to have
a significant effect on fatigue crack growth.
Therefore many studies have been done to
investigate the effects that residual stresses have
on the fatigue crack growth rate in FSW
(Mahoney et al., 1998; Dalle Donne and Biallas,
1999; Ericsson and Sandstrom, 2000; Esparza
et al., 2002; Sutton et al., 2002). The residual
stress distribution varies between the zones
and the type of material (Mahoney et al., 1998;
Dalle Donne and Biallas, 1999; Ericsson and
Sandstrom, 2000; Esparza et al., 2002; Sutton
et al., 2002).
Figure 5. Typical hardness characteristic for
2024-T351 (Bussu and Irving, 2003)
Figure 6. Typical hardness characteristic for
7050 Al-alloy (Jata et al., 2000)
Figure 7. Typical hardness characteristic for
5083 FSW (Sato et al., 2001)
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It is worth noting that the longitudinal
residual stress reveals an “M”-like shape for most
types of material even though it has different
levels of residual stress, residual tension, or
residual compression (Figure 8). This shape was
also found in a fusion welded plate joint by Gatolo
and Lanciotti (1997). This shape is formed due to
different cooling rates along the FSW joints.
Webster et al. (2001) measured the residual
stress using a Synchroton X-ray technique
for AA 7108-T79 and found tensile residual
stress in the N zone. This phenomenon was also
reported by Bussu and Irving (2003) and
Oosterkamp et al. (2000) for AA7108-T79 and
for 2024-T351, respectively. Nevertheless, Jata
et al. (2000) and Dalle Donne et al. (2001) found
a small compressive residual stress located at
the plate joint line (PJL) in the N zone for 7050-
T7451, Al-Li-Cu, and 6013-T6, respectively.
Dalle Donne et al. (2001) used Neutron,
Synchrotron and X-ray Cu-ka techniques to
extract the distribution of the longitudinal
residual stress profile in FSW of 6013-T6 alloys.
The results obtained from these techniques
showed good quantitative and qualitative
agreement. Generally, the result of the residual
stress analysis reveals that the residual stress
distribution is inhomogeneous in the longitudi-
nal and transverse direction of the weld as well
as across the thickness of the weld, as shown in
Figure 8 for the longitudinal direction.
The maximum values of the tensile residual
stresses are located in the HAZ. From these
maximum values the tensile residual stresses
decrease in the PP material adjacent to the HAZ
as well as the weld seam, which contains small
compressive residual stresses. With increasing
distance from the weld, the residual stress then
gradually changes into the initial stress state of
the sheet material.
Sources for Fatigue Problems in
Friction Stir Welds
Although FSW is a solid phase process, changes
in the microstructure, a softened heat affected
zone, highly tensile residual stress, and defects
are also produced, as in the traditional fusion
weld (Dawes, 1995; Dawes and Thomas, 1996;
Nicholas and Thomas, 1998; Bussu, 2000). The
limitations of the FSW process are being reduced
by intensive research and development. The
following section presents the problems faced
from the manufacturing and engineering points
of view in FSW joints.
Manufacturing Defects in FSW
The main limitation of the FSW process at present
is the welding speeds, which are moderately
slower than those of some fusion welding
processes (up to 750 mm/min for welding 5 mm
thick 6,000 series aluminium alloy on commercially
available machines). However the more obvious
challenge is to maintain the weld quality by
reducing the defect level or to eliminate the
defects. Recent characterisation exhibits the
typical manufacturing defects in FSW to be
severe surface irregularities, internal defects,
porosity, and oxide inclusions.
It is worth noting that, although the fine
grain structure is formed in the N region, the
defects such as voids, inclusions, and surface
cracks are dominant in this region due to the stir
process. The defects have been found using
scanning electron microscopy (SEM) techniques
by many researchers (Flores et al., 1998; Bussu,
2000; Dalle Donne et al., 2000; Webster et al.,
2001), with examples shown in Figures 8 and 9.
Fatigue failure process is sensitive to
defect. As a rule of thumb, any parameter that
will increase the local stress concentration
will also be degrading for fatigue performance.
Therefore the defect level in FSW needs to be
controlled or eliminated, in order to improve the
joint strength.
Residual Stress Induced in FSW
Self-stresses exist in most manufactured parts.
Self-stresses have also been called self- equili-
brating stresses within a part, without any external
load. They have been called residual stresses
because they may be left over from a previous
manufacturing operation. Residual stresses exist
in many manufactured components as a result of
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the mechanical and thermal processing. From
these manufacturing processes material flaws
or small cracks can be generated which may
start to grow under cyclic loading during service.
Therefore, the understanding of fatigue crack
growth under any type of loading and residual
stress conditions is an important dilemma in
engineering with respect to the life or safety of
certain engineering components.
It is interesting to note that a crack may
initiate its own residual stress field under cyclic
loading, and it was believed to have a significant
affect on fatigue crack growth (Meguid and
Coufopanos, 1986). A lot of research found that,
in regions of compressive residual stresses,
fatigue crack growth was retarded or cracks were
arrested, while tensile residual stress regions
generated opposite effects (Sun and Sehitoglu,
1992; Beghini et al., 1994; Fitzpatrick and
Edwards, 1998; Mohshier and Hillberry, 1999;
Wang et al., 1999). This means that tensile
residual stresses that produce on opening
movement have a detrimental effect on fatigue
life. On the other hand, compressive residual
stresses that produce a clamping movement on
the crack faces can be beneficial.
From the previous mention of residual
stress characterisation, it is evident that the
existing highly tensile residual stress in the HAZ
is due to thermal heating and cooling processes
during FSW. The main problem is a challenge to
manufacturers to reduce the tensile residual
stress level, whilst a second challenge to engineers
is to overcome the effect of these tensile residual
stresses in promoting fatigue crack propagation.
At this stage there is no clear picture about
the residual stress distribution generated,
depending on the type of material used, welding
speed, plate thickness, and plate clamping forces
during joining in FSW. Nevertheless, several
attempts have been made to simulate the residual
profile induced after the welding process in three
dimensional representations which are still
under development (Oosterkamp et al., 2000;
Ulysse, 2002). Once the residual stress distribu-
tion is clear and well controlled, perhaps the next
consideration is how the residual stress in FSW
will be relaxed during cyclic loading.
Understanding of Fatigue Behaviour
Concerning FSW
Fatigue stages involve nucleation or initiation
of a crack, growth of the fatigue shear crack (Stage
I), tensile crack propagation (Stage II), high
growth rate or crack coalescence (Stage III), and
Figure 8. Typical comparison of the residual
strees distribution at the bottom face
of FSW joints surface (Mahoney
et al., 1998)
Figure 9. Void in stir regime (Mahoney et al.,
1998)
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fracture or failure. Once initiation begins and
forms a microcrack, this crack may be arrested
by a microstructural barrier or may propagate until
reaching a critical size, causing the final failure
(Navarro and de los Rios, 1992; Miller and
O’Donnell, 1999). The fatigue life is defined as
the sum of the number of cycles to initiate a
fatigue crack and the number of cycles to propa-
gate it subcritically to some final crack size
(Suresh, 1998). Therefore, to have a good fatigue
life of FSW joints, one needs a good control of
initiation and propagation stages.
In FSW, there has been no systematic
attempt to investigate the natural crack initiation
site so far. The question about where is the
crack initiation origin in FSW remains unclear.
A theoretical answer is needed to justify why
the crack is not initiated at the hardness minima
as reported by Bussu and Irving (2003), why the
crack can initiate in the finest grain region,
and what is the role of macrostructure, micro-
structure, hardness, and residual stress, which
may influence initiation behaviour in FSW.
The parameters that govern the crack
initiation site in FSW seem to be complicated to
investigate. Perhaps the early stage of initiation
was a process of the competition of the inherent
microcracks and defects in FSW. The issues of
crack initiation in FSW need to be resolved
very soon because the initiation is extremely
important to determine an accurate fatigue life
of these joints.
In terms of fatigue crack propagation,
current work on fatigue crack propagation of
FSW has been done by introducing a semi-
circular flaw by electric discharge machining
(EDM) at each zone (Bussu, 2000; Bussu and
Irving, 2003) or by using compact tension
specimens (Dalle Donne and Biallas, 1999;
Jata, 2000; Jata et al., 2000; Strombeck et al.,
2001). As a result, under fatigue cycling a crack
was initiated and propagated from the EDM
defect of the notch.  It is evident that the fatigue
crack growth rates (FCGR) in the N and TMAZ
are approximately 10 times higher than those of
the PP as shown in Figure 10. Here the TMAZ is
located around 11mm from the PJL. The TMAZ
and N exhibited the lowest threshold stress
intensity factor.
Bussu and Irving (2003) suggested that
Figure 10. Crack growth data, 2024-T351 for crack starting from PJL (N), 11 mm (TMAZ)
and 25 mm from PJL (HAZ) (Bussu and Irving, 2003)
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the residual stress plays the dominant role of
accelerating and decelerating the propagation
rate which is shown by comparing the propaga-
tion data of welded and stretched specimens as
shown in Figure 11. With 2% pre-strain, the
residual stress field is wiped out by plastic
deformation. Hence Figure 11 shows the growth
rate in the absence of residual stress. However it
is noted here that, in the case of the HAZ, crack
growth rates are marginally lower and, for the N,
they are faster than the TMAZ, indicating that
residual stress does not entirely account for all
the observed trends in FCGR. The role of micro-
structure should also be considered.
The coarse microstructure in the HAZ
region should deteriorate the FCGR. However
the compressive residual stress components
override the microstructural role and produces
beneficial FCGR in the HAZ (Jata, 2000). There is
no attempt so far to model the fatigue damage of
FSW joints. The existence of inhomogeneity of
the microstructure, hardness, and residual stress
distribution in FSW could lead to complications
in the process of development of the fatigue
model.
However before commencing with model-
ling one should gather complete information
about the mechanical properties of the weld. If
there is clear distinction in the microstructure
and the properties of each zone, should the model
treat them as bimaterial cases? In fatigue, many
attempts have been made to model the FCGR,
from the simplest empirical model by Paris and
Erdogan (1963) to advanced and contemporary
models such as the Weertman (1979) strain
energy model, Tomkins (1981) high strain model,
Coffin (1950) plastic strain model, Hobson-Brown
model (Hobson et al., 1986) and Navarro- E de
los Rios (de los Rios, and Navarro, 1988; Navarro
and de los Rios., 1988a, 1988b) N-R models.
The question is, which models are appro-
priate and would they be able to model the FCGR
in FSW by fully incorporating the microstruc-
ture, hardening, residual stress, or mean stress
effects? Ideally a robust model is needed to
handle the situation of the crack propagating from
one region to another experiencing different
residual stress, hardness, and closure effects,
and whether or not the residual stress will relax
in FSW joints. Are there any phenomena of crack
retardation or acceleration while propagating
from one zone to another in FSW?
In simulating the process, the models
should be developed based on fatigue design
criteria. Therefore in terms of structural integrity
these are issues concerning fatigue design
philosophies i.e. infinite life, safe life, fail safe,
and damage tolerant design for FSW, which need
to be resolved quickly.
Conclusions
1. The macrostructure and microstructure
of a FSW joint are associated with the welding
process itself. The microstructure features of the
N and FA were the finest grain dimension and
intermetallic particle distribution, whilst these of
the TMAZ and HAZ are coarsened.
2. The hardness in FSW is governed by
the distribution of the strengthening precipitates
affected by the heat that causes overaging, rather
than the grain size.
3. Residual stress distribution is inhomo-
geneous and gradient in the longitudinal and
transverse direction of the weld as well as across
the thickness.
Figure 11. Crack growth data, 2024-T351 for
samples FSW strained 2% parallel
to weld line (Bussu and Irving, 2003)
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4. The fatigue life of FSW could be deter-
mined accurately by addressing the role of
microstructure, hardness and residual stress
wisely from the initiation stage to fracture.
5. A robust model needs to be developed
that can incorporate the effect of residual stress
relaxation, hardening, closure, and mean stress
on fatigue of FSW. To obtain an accurate fatigue
life prediction, the role of microstructure, hard-
ness, and residual stress on initiation and crack
propagation must be well addressed.
References:
Beghini, M., Bertini, L., and Vitale, E. (1994).
Fatigue crack growth in residual stress
fields: experimental results and modelling.
Fatigue Fract. Eng. Mater. Struct.,
17(12):1,433-1,444.
Benavides, S., Li, Y., Murr, L.E., Brown, D., and
McClure, J.C. (1999). Low temperature
friction stir welding of 2024 aluminium.
Scr. Mater., 41(8):809-815.
Booth, D. and Sinclair, I. (2002). Fatigue of
friction stir welded 2024-T351 Al-alloy.
Mater. Sci. Forum, 396-402:1,671-1,676.
Bussu, G. (2000). Damage tolerance of welded
aluminum aircraft structure, [PhD. thesis].
Engineering Faculty, Cranfield University,
UK, 287p.
Bussu, G. and Irving, P.E. (2001). Damage
tolerance of welded aluminium aircraft
structures. ICAF Design for Durability in
the Digital Age. Proceedings of the 21st
Symposium of the International Commit-
tee on Aeronautical Fatigue; June 27-29,
2001; Toulouse, France, p. 331-350.
Bussu, G. and Irving, P.E. (2003). The role of
residual stress and heat affected zone
properties on fatigue crack propagation in
friction stir welded 2024-T351 Aluminum
joints. Int. J. Fatigue, 25:77-88.
Coffin, L.F. (1950.). The flow and fracture of a
brittle material. J. Appl. Mech., 17: 233-248.
Dalle Donne, C. and Biallas, G. (1999). Fatigue
and fracture performance of friction stir
welded 2024-T3. Proceedings of the
European Conference on Spacecraft
Structure, Material and Mechanical Test-
ing; November 4-6, 1998; Braunschweig,
Germany. 428:309-314.
Dalle Donne, C., Biallas, G., Ghidini, T., and
Raimbeaux, G. (2000). Effect of weld
imperfections and residual stresses on the
fatigue crack propagation in friction stir
welded joints. Proceedings of the 2nd
International Conference on Friction Stir
Welding; June 26-28, 2000; Gothenburg,
Sweeden, 289p.
Dalle Donne, C., Lima, E., Wegener, J., Pyzalla,
A., and Buslaps, T. (2001). Investigation
on residual stress in friction stir welds.
Proceedings of the 3rd International
Symposium on Friction Stir Welding;
September 27-28,  2001; Kobe, Japan. TWI
(UK), p. 281-291.
Dawes, C.J. (1995). An introduction to friction
stir welding and its development. Welding
and Metal Fabrication, 63(1):13-16.
Dawes, C.J. and Thomas, W.M. (1996). Friction
stir process welds aluminium alloys. Weld.
J. (Miami, FL), 75(3):41-45.
de los Rios, E.R. and Navarro, A. (1988).
Compact solution for a multizone BCS
crack model with bounded or unbounded
end conditions. Philos. Mag. A, 57:43-50.
Ericsson, M. and Sandstrom, R. (2000). Fatigue
of friction stir welded ALMgSi-alloy 6082.
Mater. Sci. Forum, 331-337:1,787-1,792.
Esparza, J.A., Davis, W.C., Trillo, E.A., and
Murr, L.E. (2002). Friction stir welding of
magnesium alloy AZ31B. J. Mater. Sci. Lett.,
21: 917-920.
Fitzpatrick, M.E. and Edwards, L. (1998). Fatigue
crack residual stress field interactions and
their implications for damage tolerant
design. J. Mater. Eng. Perform., 7(2):190-
198.
Flores, O.V., Kennedy, C., Murr L.E., Brown, D.,
Pappu, S., Nowak, B.M., and McClure,
J.C. (1998). Microstructural issues in a
friction stir welded aluminum alloy. Scr.
Mater., 38 (5):703-708.
Gatolo, R. and Lanciotti, A. (1997). Fatigue crack
propagation in residual stress fields of
welded plates. Int. J. Fatigue, 19(1):43-49.
105Suranaree J. Sci. Technol. Vol. 15 No. 2; April - June 2008
Heinz, B., Skrotzki, B., and Eggeler, G. (2000).
Microstructural and mechanical character-
ization of friction stir welded Al-Alloy.
Mater. Sci. Forum, 331-337: 1,757-1,762.
Hobson, P.D., Brown, M.W., and de los Rios,
E.R. (1986). Two phases of short crack
growth in a medium carbon steel. In: The
Behaviour of Short Fatigue Crack. Miller
K.J.  and de Los Rios E.R. (eds.). mechani-
cal engineering publication, London, UK,
p. 441-459.
Jata, K.V., Sankaran, K.K., and Ruschau, J.J.
(2000). Friction stir welding effects on
microstructure and fatigue of aluminum
alloy 7050-T451. Metall. Mater. Trans. A,
31(9): 2,181-2,192.
Jata, K.V. (2000). Friction stir welding of high
strength aluminium alloys. Mater.Sci.
Forum, 331-337: 1,701-1,712.
Jata, K.V. and Rioja, R.J. (1998). Unpublished
research. Air Force Research Laboratory,
Material and Manufacturing Directorate,
AFRL/MILLLM Wright Patterson Air force
Base, OH, USA.
Kwan, Y.J., Saito, N., and Shigematsu, I. (2002).
Friction stir process as a new manufac-
turing technique of ultrafine grained
aluminium alloy. J. Mater. Sci. Lett.,
21:1,473-1,476.
Mahoney, M.W., Rhodes, C.G., Flintoff, J.G.,
Spurling, R.A., and Bingel, W.H. (1998).
Properties of friction stir welded 7075 T651
aluminium. Metall. Mater. Trans. A, 29A:
1,955-1,964.
Meguid, S.A. and Coufopanos, J.A. (1986).
Elasto-plastic finite element study of the
effect of residual stress upon double
edge-crack plate. Eng. Mater. Fracture
Mechanics, 23: 735-744.
Mendez, P.F. and Eagar, T.W. (2001). Welding
processes for aeronautics. Adv. Mater.
Processes, 159(5): 39-43.
Miller, K.J., and O’Donnell, W.J. (1999). The
fatigue limit and its elimination. Fatigue
Fract. Eng. Mater. Struct., 22:545-557.
Mohshier, M.A. and Hillberry, B.M. (1999). The
inclusion of compressive residual stress
effects in crack growth modelling. Fatigue
Fract. Eng. Mater. Struct., 22(6):519-526.
Murr, L.E., Li, Y., Trillo, E.A., Flores, R.D., and
McClure, J. C. (1998). Microstructure in
friction stir welded metals. J. Mater.
Process. Manuf. Sci., 7:145-161.
Navarro, A. and de los Rios, E.R. (1992). Fatigue
crack growth modelling by successive
blocking of dislocations. Proceedings of
the Royal Society, London, A vol., 437:375-
390.
Navarro, A. and de los Rios, E. R. (1988). A
microstructurally short fatigue crack
growth equation. Fatigue Fract. Eng. Mater.
and Struct., 11(5): 383-396.
Navarro, A., and de los Rios, E.R. (1988). Short
and long fatigue crack growth: A unified
model. Philos. Mag. A, 57: 15-36.
Nicholas, E.D. and Thomas, W.M. (1998).
A review of friction processes for aero-
space applications. Int. J. Mater. Prod.
Tech., 13(1-2):45-55.
Oosterkamp, L.D., Webster, P.J., Browne, P.A.,
Vaughan, G. B.M., and Withers, P.J. (2000).
Residual stress field in a friction stir weld-
ing aluminium extrusion. Mater. Sci. Forum,
347-349: 678-683.
Paris, P.C. and Erdogan, F.J. (1963). A critical
analysis of crack propagation law. Trans.
ASME, J. Basic Eng., 85(4): 528-535.
Rhodes, C.G., Mahoney, M.W., and Bingel,
W.H. (1997). Effect of friction stir welding
on microstructure of 7075 aluminium.
Scr. Materi., 36(1): 69-75.
Sato, Y.S., Park, S.H.C., and Kokawa, H. (2001).
Microstructure factors governing
hardness in friction stir welds of solid
solution hardened Al alloys. Metall.
Mater. Trans. A, 32A,12:3,033-3,042.
Sato, Y.S. and Kokawa, H. (2001). Distribution of
tensile property and microstructure in
friction stir weld of 6063 aluminum. Metall.
Mater. Trans. A, 32A:3,023-3,031.
Schmidt, H.J., Van, C., and Hanson, J. (2001).
Tango metallic fuselage barrel validation
of advanced technologies. ICAF Design
for Durability in the Digital Age.
Proceedings of the 21st Symposium of the
International Committee on Aeronautical
106 Characterisation and Fatigue of Friction Stir Welding
Fatigue; June 27-29, 2001; Toulouse,
France, p. 273-288.
Strombeck, A., Cam, G., Dos Santos, J.F., Venzke,
V., and Kocak, M. (2001). A comparison
between microstructure, properties and
toughness behaviour of power beam and
friction stir welds in AL-alloys. Proceed-
ings of the TMS Annual Meeting, The
Minerals, Metals & Materials Society,
p. 249-264.
Sun, W. and Sehitoglu, H. (1992). Residual stress
fields during fatigue crack growth. Fatigue
Fract. Eng. Mater. Struct., 15(2):115-128.
Suresh, S. (1998). Fatigue of Materials. 2nd ed.
Cambridge University Press, Cambridge,
UK, 187p.
Sutton, M.A., Yang, B., Reynolds, A.P., and
Taylor, R. (2002). Microstructural studies
of friction stir welds in 2024-T3 aluminum.
Mater. Sci. Eng., A, 323:160-166.
Thomas, W.M., Nicholas, E.D., Watts, E.R., and
Staines, D.G. (2002). Friction based
welding technology for aluminium. Mater.
Sci. Forum, 396-402(3):1,543-1,548.
Tomkins, B. (1981). High strain fatigue. In: ISPRA
Courses on Mechanical Science and
Materials. Larsson, L.H. (ed.). Elsevier,
London, UK, p. 239-273.
Ulysse, P. (2002). Three-dimensional modelling
of the friction stir-welding process. Int. J.
Mach. Tool Manufact., 42:1,549-1,557.
Wang, H., Buchholz, F.G., Richard, H.A., Jagg, S.,
and Scholtes, B. (1999). Numerical and
experimental analysis of residual stress for
fatigue crack growth. Comput. Mater. Sci.,
16:104-112.
Webster, P.J., Oosterkamp, L.D., Browne, P.A.,
Hughes, D.J., Kang, W.P., Withers, P.J., and
Vaughan, G.B.M. (2001). Synchrotron
X-ray residual strain scanning of a friction
stir weld. The Journal of Strain Analysis
for Engineering design, 36(1):61-70.
Weertman, J. (1979). Fatigue crack propagation
theories. In: Fatigue and Microstructure.
ASM Publications, Materials Park, OH,
USA, p. 279-306.
Williams, S.W. (2001). Welding airframes using
friction stir. Air and Space Europe, 3:64-66.
